The contribution of tropical cyclones (TCs) to the seasonal change patterns of precipitation in the western North Pacific was studied using Japanese long-term reanalysis/JMA Climate Data Assimilation System (JRA-25/JCDAS) data from 1979 to 2006. The seasonal change patterns are based on the three types of Hattori et al. (2005) classified by a northward shift and increase in precipitation from June to August. We show that the contribution ratio of TC precipitation in the western North Pacific, on average and maximum being 19.8% and 46.7%, becomes larger as monthly mean total precipitation increases. Among the three types of seasonal change pattern, TC precipitation varies corresponding to the features of total precipitation and contributes 0.5−1.8 mm day −1 variation of the regional mean precipitation. Between the two types which show a northward shift and an increase in precipitation, TC causes 31%−41% of the total precipitation difference. TC precipitation highly contributes to the type that shows the largest northward shift and precipitation increase; its maximum ratio reaches 70% east of Taiwan and TCs contribute 3−5 degrees of the northward shift of the precipitation area in the western North Pacific.
Introduction
The western North Pacific region has the widespread heavy annual precipitation. The precipitation is large, in particular, from June to August. It suddenly starts to increase in June and reaches the maximum in August accompanying northward shift of the intense precipitation area. These climatological time−space structures of convective activity were shown by Murakami and Matsumoto (1994) and the characteristics of precipitation were revealed by Wang and LinHo (2002) . The climatological jump of rain belt was indicated to be characterized by jump of TC tracks by LinHo and Wang (2002) .
For interannual variations, Nitta (1987) found out the north− south convective activity oscillations between the western Pacific and Japan (PJ pattern). Ueda and Yasunari (1996) showed the variations in an abrupt convection jump in late July. For the variations in the seasonal change pattern, Hattori et al. (2005) (Figs. 3 and 4) compared latitude and amount of the precipitation area in June, July and August from 1979 to 1998 and classified the seasonal change patterns into three groups. In their Sub−Type A1, precipitation increases gradually and precipitation area shifts northward from June to August. In Sub−Type A2, precipitation increases in June and August, and decreases in July; precipitation area shifts northward and reached the highest latitude of the three types. Type B is characterized by little precipitation increase or little northward shift of the precipitation area from June to August. They showed the different seasonal change pattern in terms of both the northward shift of the precipitation area and the precipitation amount. However, they did not distinguish the type of precipitation systems that causes these differences.
One of the major disturbances bringing heavy precipitation to the western North Pacific is tropical cyclones (TCs). Rodgers et al. (2000) estimated TC precipitation using SSM/I data of 11 years from 1987 to 1998 excluding 1990, and showed the ratio of TC precipitation to total precipitation in the western North Pacific (100°−160°E, 5°−35°N) being 9, 13 and 11% in June, July and August, respectively. These values indicate that TC precipitation is comparable with the difference in total precipitation among the three types classified by Hattori et al. (2005) . Rodgers et al. (2000) also showed that TC precipitation contributes 30% of the total precipitation from June to November northeast of the Philippines where the significant northward shift is found in Sub−Type A2 of Hattori et al. (2005) . Accordingly, a substantial impact of TC precipitation to the northward shift of the precipitation area is expected.
The purpose of this study is to clarify contribution of TCs to the three types of seasonal change pattern of precipitation from June to August in the western North Pacific defined by Hattori et al. (2005) , including that to the total precipitation amount and the northward shift of the precipitation area.
Data and method
The monthly-mean Climate Prediction Center Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) of precipitation in JRA25 is found to be caused by widespread weak precipitation. In the present study, accordingly, the weak precipitation below 0.16 mm hr −1 in JRA25 was excluded to make the monthly mean of TC and non-TC precipitation. As a result, the bias of monthly mean non-TC precipitation of JRA25 was removed as is shown by red crosses in Fig. 1 . This corrected JRA25 total precipitation also shows the same characteristics as that in CMAP.
Overall trends of TC contributions
In order to examine the contribution of TC precipitation to the total precipitation in the most active rainy season in the western North Pacific, the monthly mean precipitation and ratios of TC precipitation for the three months from June to August are shown in Fig 2. The average and maximum ratio of TC precipitation in the area is 19.8% and 46.7%, respectively, in the three months of the 28 years. The average is slightly high but comparable to the result of Rodgers et al. (2000) . It should be noted that the ratio of TC precipitation increases in proportion to the total precipitation, having the correlation coefficient 0.519, which is accepted at the 5% significance level. The 28-year mean spatial distribution of TC ratio (not shown) is quite similar to Figs. 4a, 4b and 4c in this study, having the maximum to the northeast of the Philippines, and comparable to the result of Rodgers et al. (2000) .
Contribution to the seasonal change patterns of the precipitation amount
Next, the effects of TC precipitation on each seasonal change pattern and on the differences among Sub-Types A1, A2 and Type B are examined. According to the classification by Hattori et al. (2005) , we consider that 13 years (1983, 1986, 1987, 1989, 1991, 1993, 1994 1995, 2000, 2001, 2002, 2005 and 2006) are classified from 1979 to 2006 were used to define the seasonal change patterns following Hattori et al. (2005) . To estimate TC precipitation, the datasets of Japanese long-term reanalysis/Japan Meteorological Agency (JMA) operational Climate Data Assimilation System (JRA25/JCDAS) (Onogi et al. 2005; Onogi et al. 2007 ) for the same period were used. The precipitation was obtained from a 6-hour forecast with a spectral resolution of T106 (equivalent to a horizontal grid size of about 120 km). In JRA-25, TCs are assimilated accurately using wind profile retrievals around TCs (Hatsushika et al. 2006 ). The TC best-track data of JMA were also used.
TC precipitation is defined as the precipitation within 500 km of the center of the TC. In this study, TCs include all tropical storms (with a maximum sustained wind speed of more than 17 m s −1
) and tropical depressions in their developing stages, which develop into TCs later on.
In this study, to estimate the precipitation in the western North Pacific, we chose the area of 125°−150°E and 10°−25°N. This slightly differs from the area of 125°−160°E and 0°−25°N in Hattori et al. (2005) , since the precipitation distribution of JRA25 is different from that of CMAP east of 150°E, and TCs rarely appear to the south of 10°N. In the area of 125°−150°E and 10°− 25°N, the averaged JRA-25 and CMAP total precipitation show the same characteristics.
To validate TC and non-TC precipitations of JRA25, three hourly precipitation datasets from the Tropical Rainfall Measuring Mission (TRMM) 3B42 product were used. Monthly mean TC and non-TC precipitation averaged in the area of 125°−150°E and 10°−25°N are shown in Fig. 1 using black closed circles and crosses. Monthly mean TC precipitation of JRA25 is similar to that of TRMM3B42 with a high correlation coefficient of 0.97. On the other hand, non-TC precipitation of JRA25 has about 4 mm day −1 bias in comparison with TRMM3B42, indicating good correlation of 0.78. From 6 hourly snapshots, widespread weak precipitation areas below 0.16 mm hr −1 are significantly found throughout the ocean in JRA25 (not shown). The positive bias Table 1 . Differences of the total precipitation and TC precipitation between Sub-Types A2 and A1 (A2 minus A1), A2 and B (A2 minus B) and A1 and B (A1 minus B) from June to August, and their ratios.
A2 minus A1
A2 minus B A1 minus B total (mm day as Sub-Type A1; 6 years (1979, 1981, 1984, 1985, 1990 and 2004) as Sub-Type A2; and 5 years (1980, 1982, 1988, 1996 and 1998) as Type B. The four years of 1992, 1997, 1999 and 2003 which show significant northward shift and relatively small precipitation are excluded. Figure 3 shows the monthly mean TC precipitation and the ratio of TC precipitation in each type. TC precipitation and its ratio to the total precipitation in each type vary corresponding to the features of total precipitation as indicated by Hattori et al. (2005) . The notable features of total precipitation are the increase in July for Sub-Type A1, the decrease in July for Sub-Type A2 and the decrease in August for Type B. In Sub-Type A1, monthly TC precipitation increases from June to July and holds in August. The ratio also increases from June to July, while it decreases slightly in August. In Sub-Type A2, TC precipitation and the ratio decrease from June to July, and then increase in August. In Type B, TC precipitation and the ratio increase from June to July, and decrease in August. TC precipitation in each type changes in the same manner as total precipitation, and it presents the clear difference in total precipitation; for example, 1.8 mm day −1 increase from July to August in Sub-Type A2 and 0.5 mm day −1 decrease from July to August in Type B.
Contributions of TCs to the difference in total precipitation among the three types are shown in Table 1 . Between Sub-Types A1 and A2, TC precipitation causes 31%−41% of the difference in terms of total precipitation. Between Sub-Type A2 and Type B, the ratio becomes 24%−58%. As for the difference between SubType A1 and Type B, on the other hand, TCs contribution becomes weak or negative. Consequently, TC precipitation exaggerates the seasonal change patterns, especially in Sub Type A2, while it diminishes the difference between Sub-Type A1 and Type B in July. The differences in TC precipitation are almost equal to the standard deviations in Fig. 3 and their significance appears to be low, however, significance in the seasonal change patterns cannot be decided by that in monthly differences.
Contribution to the northward shift
In order to show the impact of TCs on the northward shift of precipitation area, Fig. 4 shows distributions of the monthly mean contribution ratios of TC precipitation averaged for Sub-Types A1, A2 and Type B, respectively. The ratio is shown in areas of total precipitation of more than 6 mm day −1
. A common characteristic of the three Types is that higher ratio of TC precipitation is found north of 15°N, northeast of the Philippines and in the vicinity of Taiwan. The maximum ratio reaches 50% in July in Sub-Type A1 (Fig. 4b) ; over 70% in August in Sub-Type A2 (Fig. 4f) ; 60% in July in Type B (Fig. 4h) . In August in Sub-Type A2, a higher ratio of TC precipitation is found widely between 15°−25°N (Fig. 4f) in comparison with Sub-Type A1 (Fig. 4c ) and Type B (Fig. 4i) . The significant northward shift of the precipitation area and a higher ratio of TC precipitation in Sub-Type A2 indicate that the northward shift of precipitation area to north of 15°N is closely related to TCs precipitation. Figure 5 shows non-TC and total precipitation in August for Sub-Type A2. Non-TC precipitation is small compared with the total precipitation, especially north of 15°N. The northern-most latitudes of 9, 12 and 15 mm day −1 of non-TC precipitation between 125°E and 150°E are located to the south about 5°, 3° and 3° from those of the total precipitation, respectively (Fig. 5) . In each year in Sub-Types A1 and A2, non-TC precipitation has no clear difference in northward shift which distinguishes Sub-Type A2 from A1 (not shown). In other words, TC precipitation causes a substantial difference in the northward shift between Sub-Types A1 and A2.
Summary
In this study, we examined the contribution of TCs to the three types of seasonal change pattern of precipitation from June to August in the western North Pacific defined by Hattori et al. (2005) . TC precipitation was estimated using JRA25/JCDAS data from 1979 to 2006, which were corrected to remove positive bias by excluding weak precipitation below 0.16 mm hr −1 compared with TRMM3B42.
In the area of 125°−150°E and 10°−25°N, the ratio of TC precipitation becomes higher with the total precipitation amount. The regional mean and the maximum ratios for June, July and August of the 28 years are 19.8% and 46.7%. The spatial maximum is found to the northeast of the Philippines. These climatological features support the result of Rodgers et al. (2000) . As for the three types of seasonal change pattern: Sub-Types A1, A2 and Type B, TC precipitation changes in the same manner as total precipitation, and contributes to the regional mean precipitation variation of 0.5−1.8 mm day −1
. The difference in TC precipitation between Sub-Types A1 and A2 accounts for 31%−41% of the difference in total precipitation. TCs contribute significantly to the northward shift of the precipitation area. In Sub-Type A2, a higher ratio of TC precipitation is found widely between 15° and 25°N northeast of the Philippines compared with that in Sub-Type A1, and its maximum ratio reaches 70% east of Taiwan. In August in Sub-Type A2, TC precipitation contributes 3−5 degrees of the northward shift of precipitation area in the western North Pacific.
We conclude that TC precipitation causes a substantial difference between Sub-Types A1 and A2, especially in the northward shift. In Type B, a small amount of total precipitation and little northward shift are considered to be caused by both insignificant TCs and the small non-TC precipitation in August. .
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